Recent investigations have shown that growing chicken eyes elongate during the day and shorten during the night. We asked whether the chick, like a number of other animals, exhibits a rhythm in intraocular pressure (IOP) and whether this rhythm might be associated with this rhythm in elongation. We find that the intraocular pressure in normal eyes is high during the day and low in the middle of the night, similar to the rhythm in ocular elongation. The amplitude of this rhythm in IOP is approximately 8 mm Hg ; it persists in constant darkness, albeit with a reduced amplitude, implying that the rhythm has a circadian component. Form deprivation by translucent diffusers does not affect the amplitude of the rhythm in IOP, but makes the phase of the rhythm more variable, such that the trough no longer consistently occurs at night.
Introduction
The eyes of chickens show a diurnal rhythm in elongation, elongating during the day and shrinking at night (Weiss and Schaeffel, 1993) . What might account for the rhythm in ocular elongation ? It has long been known that intraocular pressure (IOP) shows a diurnal rhythm in some species, including humans (Drance, 1960 ; Henkind, Leitman and Weitzman, 1973 ; Frampton, Rin and Brown, 1987) , rabbits (Rowland, Potter and Reiter, 1981 ; Liu and Shieh, 1995 ; Schnell, Debon and Percicot, 1996) , and rats (Krishna et al., 1995) . We undertook the study reported here to answer two questions in relation to normal eye growth. First, does the chick eye show a rhythm in IOP ? Second, is the rhythm in ocular elongation a mechanical consequence of the rhythm in intraocular pressure ? To these ends, we measured IOP around the clock, both in chickens reared in normal light\dark conditions as well as in those in constant darkness, as a way of distinguishing whether the rhythm was light driven or circadian. In addition, we measured the compliance of the eye to determine whether this was consistent with the notion that changes in IOP could directly produce the diurnal changes in length observed by changes in the degree * Reprint requests : Debora L. Nickla, New England College of Optometry, 424 Beacon St., Boston, MA 02115, U.S.A. of inflation. Finally, we measured IOP and axial length simultaneously at 6 h intervals over 24 hr to determine whether these two rhythms were in phase, as would be expected if the IOP rhythm were the sole cause of the axial length rhythm.
In chicks, form deprivation, e.g. by translucent diffusers, results in increased ocular elongation and myopia (Wallman, Turkel and Trachtman, 1978 ; Hodos and Kuenzel, 1984) . Might the abnormal rate of ocular elongation in form-deprived eyes be associated with alterations in ocular circadian rhythms ? The daytime rise in retinal dopamine, a neuromodulator, is reduced in form-deprived eyes compared to normal eyes Stone et al., 1989) , suggesting that circadian rhythms might have been altered. Other studies have shown that eliminating temporal cues by rearing animals under constant light or darkness results in excessive eye growth (Lauber, Shutze and McGinnis, 1961 ; Gottlieb, Wentzek and Wallman, 1987) . To look for alterations in rhythms in form-deprived eyes, we measured IOP and axial length at the same times and under the same conditions as in normal eyes. Although it was initially reported that form-deprived eyes lack a rhythm in elongation (Weiss and Schaeffel, 1993) , we found that these eyes showed a diurnal rhythm in elongation that was similar to normal (NIckla, Wildsoet and Wallman, 1988 ; Nickla and Wallman, 1995a) .
We find that the IOP of normal chick eyes undergoes 0014-4835\98\020183j11 $25.00\0\ey970425 # 1998 Academic Press Limited diurnal fluctuations that are approximately coincident with diurnal changes in axial length. Form deprivation appears to desynchronize the IOP rhythm such that it is no longer as tightly coupled to the cycle of light and dark, the trough of the rhythm occurring as frequently during the day as during the night. We propose that intraocular pressure is an important factor in the regulation of the rate of ocular growth. Parts of this work have been presented in abstract form (Nickla and Wallman, 1995a) .
Methods

Subjects
Subjects were White Leghorn chickens (Gallus gallus) obtained as 1-day-old hatchlings from Truslow Farms (Chestertown, MD, U.S.A.). Birds were housed in temperature-controlled brooders with a light\dark cycle of 14L\10D (lights on at 8 am, off at 10 pm), and fed food and water ad libitum.
To induce myopia, translucent white plastic dome diffusers (which attenuated light by approximately 0n6 log units) were glued to the feathers around one eye at day 2. After the first measurements, diffusers were replaced by detachable ones. For these, a Velcro ring was glued to the feathers around the eye and the diffusers were attached to the mating ring of Velcro.
Measurement Procedures
IOP A clinical applanation tonometer (Tonopen XL, Mentor O & O, Norwell, MA, U.S.A.) was used to measure intraocular pressure. This instrument provides confidence interval information based on successive readings ; only data with the confidence intervals of 5 % or less were accepted. Ophthaine (E. R. Squibb & Sons, Inc., NJ, U.S.A.) was topically applied to achieve corneal anaesthesia prior to measurement. All night-time measurements of birds kept in normal diurnal conditions, and all of the measurements of the birds kept in the dark, were made under a photographic safe light and were completed within several minutes, after which birds were returned to darkness. The data in this paper are presented as raw Tonopen readings, unless otherwise specified. By cannulating the eyes of 4 deeply anaesthetized chickens and concurrently measuring both manometric and Tonopen pressures over the range of 10-50 mm Hg, we estimated the average manometric pressure l 1n48* (tonopen reading) -7n05 mm Hg.
Axial ocular dimensions
To measure ocular dimensions, high-frequency A-scan ultrasonography was used (for details, see Wildsoet and Wallman, 1995 and companion paper) . For this procedure, birds were anaesthetized with halothane (0n8 % in oxygen), except for the ocular compliance study, in which urethane was used.
Studies
Light\dark study Two experiments, differing in the times of measurement and the duration of the experiment, comprise the data for assessing the IOP rhythm under normal light\dark conditions (14L\ 10D).
Experiment 1 Six 2-week-old birds deprived of form vision in one eye comprised the experimental group (6 form-deprived eyes, 6 untreated fellow eyes). Six normal birds were also included (12 normal eyes). Measurements of IOP were done at 6 hr intervals over 24 hr : 1 pm, 7 pm, 1 am, 7 am and 1 pm.
Experiment 2 Ten 2-week-old birds deprived of form vision in one eye were used. The untreated fellow eyes served as the controls. Measurements began at 6 am and were carried out at varying intervals over the following 36 hr. Times of measurements were : 6 am, noon, 3 pm, 6 pm, 1 am, 6 am, 2 pm and 6 pm.
Because of the differences in measurement time and duration, these two experiments are plotted separately ( Fig. 1 ) and are treated separately in analyses of variance (IOP as a function of time). However, because there were no significant differences between the two groups of untreated fellow eyes, the ' fellow eye ' group from only experiment 1 is shown in Fig. 1 . Constant dark study. Twelve 2-3 week-old birds deprived of form vision in one eye were used (12 formdeprived eyes, 12 fellow eyes) as well as 14 normal birds (28 normal eyes). The night prior to the first measurement, birds were put into darkness and remained in darkness through the subsequent days of measurement. Measurements were done over a period of 48 hr at 8 am, 12 pm, 6 pm, 12 am, 3 am, 12 pm, 12 am, 3 am, 8 am and 3 pm. The diffusers were not replaced after the first measurement. Food and water were available, and birds at and drank in the dark.
Intraocular pressure and axial length rhythms compared
To investigate the phase relationship between the rhythms in IOP and in axial length, we measured IOP and ocular dimensions (using A-scan ultrasonography) at 6 hr intervals over 24 hr (6 am, 12 pm, 6 pm, 12 am and 6 am) in ten 2-week-old birds deprived of form vision in one eye. Birds were kept on a normal light\dark cycle.
Ocular compliance Ocular compliance (change in length\change in IOP) data were obtained for one eye of 4 normal birds and for the deprived eye of 4 formdeprived birds, all 2-3 weeks old. We imposed changes in IOP with a water-filled manometer and simultaneously measured the length of the eye using high frequency A-scan ultrasonography. The manometer was attached to the eye via a 3-way valve using a 25 gauge needle cannula in the anterior chamber, and to F. 1. Mean intraocular pressure (p..) as a function of time of day in normal (), form-deprived (--> --), and fellow untreated ( ) eyes in a 14L\10D cycle. Black bar on x axis denotes night (lights off). The data for form-deprived eyes represents birds from two experiments ; the duration of experiment 1 is 24 hr and begins at 1300 hr ; the duration of experiment 2 is 36 hr and begins at 0600 hrs. Because fellow eyes from experiment 2 do not differ from those of experiment 1, they are not shown here. In normal and fellow eyes, there is a mean decrease in IOP at night ; this is not apparent in form-deprived eyes.
a pressure transducer interfaced with a polygraph. Prior to the cannulation procedure, birds were anaesthetized (40 % urethane, 100 mg kg −" I.M.) and ' baseline ' IOP and axial dimensional data measured by tonometry and A-scan ultrasonography respectively (see below). The birds were then placed in a restraining holder, the cannula was inserted, and the pressure in the eye was set to the baseline value of the previous measurement by raising or lowering the manometer column as required. Ultrasound measurements were taken at this pressure, and then at (i) 5 mm Hg increments from 10 to 35 mm Hg, (ii) 5 mm Hg decrements of pressure from 35 mm to 10 mm Hg, and (iii) 5 mm Hg increments back up to 35 mm Hg. In this way, the compliance of the globe was measured for 3 cycles of change in IOP for each eye. All measurements were taken 5 minutes after the incremental change in IOP.
Data Analysis and Statistics
The daily change in IOP was computed in two ways. The first measure, ' day-night difference ', represents the difference in IOP between the mid-day time point (1 pm) and mid-night time point (1 am or 3 am) for each eye. The second measure, ' amplitude ', is the difference between the highest and lowest pressure recorded each day, regardless of time of day. In this way we are able to distinguish between phase-related differences in IOP rhythm and differences in amplitude. A two sample t test was used to compare data from normal and form-deprived eyes.
For the same studies, a two-way analysis of variance (ANOVA) for repeated measures was performed on each experimental data set to determine if there were significant temporal differences among groups (timei group interaction). For all initial analyses, the fellow untreated eyes of deprived birds were kept separate from the normal eyes of normal birds. However, because there were no significant differences between these two set of eyes, the data were combined in the comparison of form-deprived and ' normal ' eyes with relation to ' time of minimum IOP '.
For eyes in which both IOP and axial length were measured, we determined the phase differences between the rhythms in IOP and axial length for each eye. For IOP, the data were normalized to the mean for each eye and a sine wave with a 24 hr period was fit to the data. For axial length, because the eyes were growing, the data were separated into continuous and cyclic components. This was done by fitting a linear regression line to the data for individual eyes (which yielded the elongation rate), and subtracting that from the raw data for each eye (for further details see companion paper). A sine wave with a period of 24 hr was fit to these values. This analysis yielded a phase measure for each of the two rhythms in each eye.
Results
In brief, normal eyes of chicks show a diurnal rhythm in intraocular pressure that is high during the day and low at night ; the rhythm persists in constant darkness. This rhythm differs in eyes that are myopic as a result of form deprivation in that the daily minimum is less likely to occur during the night than is the case for normal eyes. Normal eyes are longest at approximately the same time of day as the pressure is highest, a result consistent with measurements of ocular compliance, but evidence for an autonomous elongation rhythm also exists.
Normal Eyes
Normal eyes show a diurnal rhythm in intraocular pressure with IOP being highest during the mid-day and lowest during the mid-night (Fig. 1, ) . The pressure probably begins to rise prior to dawn as the 7 am reading is slightly higher than the 1 am value, although not significantly so. This rhythmicity in IOP was verified statistically by ANOVA : the variable ' time of day ' accounted for a significant amount of the variance in intraocular pressure for normal eyes (Fig. 1 , ANOVA F %,&& l 23, P 0n0001). This rhythm persists in constant dark ; IOP is again low during the night (1 am and 3 am) and high during the day (Fig. 2, ) although now the day-night change is approximately half as large as in light\dark (compare y axes in Figs 1 and 2 ). An ANOVA shows that the variable ' time of day ' accounts for a significant amount of the variance in these normal eyes (F %,#(& l 30n8, P 0n001). The fact that this rhythm in IOP persists in constant darkness indicates that it has a circadian component.
The fellow untreated eyes of form-deprived birds (Fig. 1, ) show a rhythm in IOP that is similar to F. 2. Mean intraocular pressure (p..) as a function of time of day in normal (), form-deprived (#) and fellow ($) eyes in constant darkness over 2 cycles (48 hr). Black bars on x axis denote ' night ' (time of lights off in L\D). The mean timedependent difference in IOP is approximately half that in a light\dark cycle (compare to Fig. 1 ). The mean time-dependent difference for form-deprived eyes is smaller than for normal eyes. There are no differences between normal eyes and the fellow eyes of form-deprived eyes. The mean daytime IOP for all eyes is lower than in a light\dark cycle (compare to Fig. 1 ).
normal eyes, although the 7 am readings were on average higher (compare open and filled squares, Fig.  1 ). This rhythm too, persists in constant darkness and is indistinguishable from that in normal eyes (Fig. 2 , compare filled circles and squares). One-way ANOVA shows that the variable ' time of day ' accounts for a significant amount of the variance in IOP for both the diurnal and constant dark conditions in these eyes (light\dark : exp. 1 : F %,#& l 4.55, P 0n01 ; exp. 2 :
Form-deprived Eyes vs. Normal Eyes
Form-deprived myopic eyes also show diurnal fluctuations in IOP (Fig. 1, dashed lines) , but in these the mean night-time decrease is smaller than it is in normal eyes, and statistical analysis (one-way ANOVA) shows that the variable ' time of day ' does not account for the variance (exp. 1 : F %,#& l 1n65, P l 0n19 ; exp. 2 : F (,(# l 1n05, P l 0n4). A two-way ANOVA shows a statistically significant difference between form-deprived eyes and normal eyes in relation to the effect of ' time of day ' (exp. 1 : two-way ANOVA interaction F %,&% l 4n8, P l 0n002 ; exp. 2 : F ),) l 2n4, P l 0n02). In constant dark, form-deprived eyes show a rhythmicity similar to the fellow and normal eyes but here too, there was a smaller mean night-time decrease in IOP compared to that of normal eyes (Fig. 2 , compare dashed lines to solid lines). When both days of the experiment are taken into account, the effect of ' time of day ' on pressure does reach significance (oneway ANOVA, F %,""& l 2n75, P l 0n03), in contrast to the light\dark condition under which the mean changes over time do not reach statistical significance. , left] is due to a difference in phase or, more specifically, to the increased variability in phase in the form-deprived group. If we use the time of minimum IOP to define the phase, and categorize eyes according to whether the minimum occurs during the day or night, we find that for 82 % of normal eyes the minimum occurs during the night, but in formdeprived eyes the minimum IOP is almost equally distributed between day and night. This difference is statistically significant (df l 1, chi-square l 6n0, P 0n05).
The same trends were also evident in the data obtained in constant darkness. Thus, while there is an apparent day-night difference between form-deprived and normal eyes [solid vs. dashed lines, Fig. 2 ; lower left panel, Fig. 3(B) ], the amplitude does not differ between these two groups [ Fig. 3(B) , right panel]. When we assess the phase distribution of the occurrence of IOP minima, we find that none (0 %) of the normal eyes have their minimum IOP occurring during the day (time of lights on in light\dark), while for form-deprived eyes approximately one third of the minima occurs during the day. This difference is statistically significant (df l 1, chi-square l 10n4, P 0n01). Hence, again, the difference between normal and form-deprived eyes is due to an increase in variability in phase in the form-deprived eyes. Furthermore, for all eyes, the amplitude of the rhythm in constant dark was approximately half that seen in normal light\dark conditions [right panels, Figs 3(A) and 3(B) normal eyes : 6n1 vs. 9n3 mm Hg, P 0n0001 ; fellow eyes : 5n5 vs. 11n8 mm Hg, P 0n0001 ; form-deprived eyes : 5n5 vs. 10n9 mm Hg, P l 0n0001].
It is notable that although there is no difference in the amplitude of the rhythm between normal and form-deprived eyes, and the mean levels of IOP during the daytime (Figs 1 and 2) show no difference between the groups, the mean IOP in form-deprived eyes decreases less at night, accounting for the smaller day\night difference in these eyes (Figs 1, 2 and 3,  left) . If all IOP functions were sinusoidal, and the only difference was that individual rhythms were desynchronized from one another (secondary arhythmicity), then the mean of these would show a decrease in the peak (maximum) as well as an increase in the trough (minimum). The fact that our data for form-deprived eyes does not show this, indicates either : (1) that the shape of the rhythm is not sinusoidal (e.g., the duration of the trough might be briefer than the duration of the peak, or the maximum IOP might not change appreciably during the day), or (2) that the form-deprived eyes might have a slightly higher IOP than normal eyes, offsetting the decrease in mean peak IOP.
Light Effects on IOP
We find that light per se increases IOP. This can be seen by comparing the mean day-time and mean night-time IOP for normal eyes under light\dark and constant dark conditions (Table I) . Thus, during the daytime when the lights were on (in light\dark), the mean IOP is higher in light\dark than in constant darkness, whereas the night-time IOP is similar in both conditions. In other words, lights on in the F. 4. Mean compliance in axial length (cornea to sclera, left) and vitreous chamber depth (posterior lens to retina, right) in normal [(A), n l 4] and form-deprived [(B), n l 4] eyes. All graphs show two ascending runs (solid lines, first is near arrow) and one descending run (dashed lines) of IOP from 10 mm Hg through 35 mm Hg (manometric) ; thick lines are the mean of the three runs, with standard error bars. In normal eyes the mean compliance (axial length) is 8 µm mm Hg −" (manometric) ; in form-deprived eyes it is 6 µm mm Hg −" . The vitreous chamber depth of form-deprived eyes shows paradoxical responses. morning results in a further increase in IOP over the endogenous morning rise. Data for the form-deprived eyes are not as clear, presumably because of the altered rhythmicity in these eyes. However, averaged over 24 hr the form-deprived eyes tended to have higher than normal IOP because the night-time decrease in IOP is less than normal both in light\dark and constant darkness.
Ocular Compliance of Normal and Form-Deprived Eyes
To determine the possible effect of the rhythm in IOP on ocular elongation, we measured ocular compliance. In normal eyes, changes in IOP caused proportional changes in both axial length and vitreous chamber depth [ Fig. 4(A) ], despite some hysteresis. However, when the imposed IOP is decreased from 35 mm Hg to 10 mm Hg, neither axial length nor vitreous chamber return fully to the initial length during our 5 minute measurement interval (mean difference of about 0n2 mm for axial length). The mean compliance in axial length (cornea to sclera, bold line and standard error bars, Fig. 4 ) is 8n0 µm mm Hg −" (manometric) ; the value derived for vitreous chamber depth is slightly larger, perhaps due to choroidal thinning at high pressure."
Form-deprived eyes showed a similar response in relation to axial length ; increases in IOP resulted in increases in axial length, and hysteresis was again apparent. The mean compliance was 6n1 µm mm Hg −" (manometric) [Fig. 4(B) , left]. The vitreous chamber depth, however, shows a peculiar paradoxical effect [ Fig. 4(B) , right]. In response to both increasing cycles of IOP, the vitreous chamber decreased (solid lines, mean decrease l 4 µm mm Hg −" ), and a decrease in IOP produced an increase in length (dashed line, 5n5 µm mm Hg −" ). We hypothesize that this strange result arises from the increase in pressure shifting the position of the lens backward in these eyes (there is little change in the choroid\retina). In any event, it is interesting that increased pressure in the globe causes the lens to move, as this suggests the presence of a barrier between the anterior and posterior chambers.
Phase Relationships between IOP and Axial Length
The fact that the IOP is higher during the daytime when the eye elongates maximally (companion paper) could be entirely due to the IOP directly inflating the eye (as suggested by the magnitude of the ocular compliance) or the IOP could also play a role in the daily dynamics of eye growth. To distinguish these possibilities we analysed the phase differences between the rhythms in eye length and IOP.
For non-deprived eyes (fellow eyes to form-derived eyes), the mean rhythm in IOP is 4 hr in advance of the mean rhythm in axial length [ Fig. 5(A) ] in 7 out of the 10 eyes, the IOP leads the axial length rhythm. The average phase difference of 1n6 hr (by circular statistical methods) is statistically significant. Even when the IOP and axial length measurements are not done on the same eyes, the two rhythms show the same approximate mean phase relationship (3 hr difference) [Fig. 5(C) : IOP data from Fig. 1 , and axial length data from study in companion paper], suggesting that the relationship is quite robust. In the form-deprived eyes shown in Fig. 5(B) , however, the relationship between the two rhythms is not as salient, because of the poor sine fit to the data for IOP (also see results, Figs 1 and 2), which is probably due to the " There is one caveat concerning the compliance measurements.
The compliance data were obtained from deeply anaesthetized birds, in which the tension of the ciliary muscle on the choroid can be presumed to be less than in an awake bird ; this would in turn determine the hydrostatic pressure drop across the choroid and thus the pressure experienced by the sclera (van Alphen, 1961).
variable time of the IOP minimum. Furthermore, we find a suggestion that eyes show greatest net elongation when their rhythms of elongation and IOP are not synchronous ; specifically, in eight out of the ten eyes showing a rate of elongation higher than the median rate (0n12 mm day −" ), the phase difference between IOP and elongation rhythms is equal to or greater than the median phase difference (3 hr). This is consistent with the possibility that the phase of the IOP rhythm influences the rate of elongation.
Discussion
We report four main findings : (1) the normal eyes of chickens exhibit a diurnal rhythm in intraocular pressure, IOP being high during the day and low during the night, (2) this rhythm persists in constant darkness, albeit with a reduced amplitude, and therefore has a circadian component, (3) eyes that are deprived of form vision also show diurnal fluctuations, although the trough does not consistently occur during the night, and (4) the ocular compliance is consistent with the diurnal rhythm in IOP directly causing the diurnal rhythm in elongation, although the variability in phase suggests that other factors are involved.
Diurnal Rhythms in Intraocular Pressure
Intraocular pressure is maintained via a continuous secretion of aqueous humour from the ciliary epithelium of the ciliary body and drainage out of the eye through the Canal of Schlemm and the uveoscleral pathway. Changes in the rate of secretion of aqueous and\or the resistance to its drainage result in changes in IOP (review : Bill, 1993) . Diurnal rhythms in intraocular pressure have been documented in several species, including humans, rats and rabbits. In humans, intraocular pressure undergoes diurnal fluctuations of about 5 mm Hg, being lowest during the night and highest during the early morning (Drance, 1960 ; Henkind et al., 1973 ; Frampton et al., 1987) . In both rats and rabbits, the amplitude of the IOP rhythm is approximately 10 mm Hg, being low during the day and higher at night (rabbits : Rowland et al., 1981 ; Gregory, Aviado and Sears, 1985 ; Lee, Kiuchi and Gregory, 1995 ; McLaren, Brubaker and FitzSimon, 1996 ; Schnell, Debon and Pericot, 1996 ; rats : Moore, Johnson and Morrison, 1996 ; Krishna et al., 1995) . We find that IOP in chickens shows diurnal changes similar to those in humans, being high during the day, and thus opposite to those of rats and rabbits, a difference perhaps associated with diurnal v. nocturnal activity. Possibly also related to this behavioural difference, we find that light causes IOP to rise, whereas in rabbits light in the middle of the dark period causes a decrease in IOP (Lee et al., 1995) .
Surprisingly, in constant dark, the amplitude of the IOP rhythm in chickens is half that during light\dark B.
F. 5. Phase relationships between the rhythms in IOP and axial length in fellow untreated [(A), n l 10] and form-deprived eyes [(B), n l 10] as shown by the sine wave fit to mean data. X axis is time of day, black bars denote night. Mean IOP normalized to the mean for each eye ($) and axial length (#) measured in the same eyes ; error bars are standard errors of the mean for IOP. Mean axial length is the mean of the residuals derived by subtracting the linear regression from the raw data for each eye, this gives a ' cyclic ' component (see Methods). (Standard error bars are not shown because they are off the scale of ordinate, due to the large amount of variability in the size of these eyes. ... for normal eyes is 71 µm ; for form-deprived eyes is 140 µm). Lines are the sine wave fits to the data (solid lines, IOP ; dashed lines, axial length). (C) IOP data from Fig. 1 for normal eyes ($) double-plotted to show sinusoidal shape of the rhythm (sine wave fit, solid line), and the axial length data for 10 eyes from another study (#) and sine wave fit (dashed line). In these normal eyes, the mean rhythm in IOP is in advance of the mean rhythm in axial length by 3 hr.
cycles, whereas in both rat and rabbit the amplitude was unchanged by constant dark (Lee et al., 1995 ; Moore et al., 1996) . This difference implies that in chickens, the normal IOP rhythm is partly circadian and partly driven by light, whereas in the rabbit the daytime IOP is lower than is achieved by light during the night and apparently cannot be lowered further by light during the day (Lee et al., 1995) . Also, the wave form of the IOP rhythm in normal chickens is approximately sinusoidal [Fig. 5(C) ], whereas in the rat and rabbit the wave form of the rhythm was more like a square wave (Lee et al., 1995 ; McLaren, Brubaker and FitzSimon, 1996 ; Moore et al., 1996) .
Form-deprived eyes : pattern vision as Zeitgeber In the chicken, eyes that are deprived of form vision also show a diurnal rhythm in IOP, however, the trough of the rhythm occurs as frequently during the day as during the night. This apparent desynchronization of the rhythm in form-deprived eyes suggests the Zeitgeber (periodic cue) is absent or weak. Because the reduction in light transmittance by the diffusers is relatively small (about 0n6 log units), the light intensity at the retina is likely to be adequate to cue the clock. We regard it as worth considering that visual attributes attenuated by the diffusers, such as spatial or temporal transients, play a role in the entrainment of the rhythm in IOP, in addition to light per se. That form vision might act as a Zeitgeber seems plausible given that a primary function of the retina is to discern patterns, and also that there are ocular clocks in the retina (Underwood, Barrett and Siopes, 1990 ; Cahill F. 6 . Diagram showing possible interacting rhythmic (") influences on ocular elongation. We have evidence that the thickness of the choroid influences the rate of scleral proteoglycan (PG) synthesis with a time-course of days. If this effect is rapid enough it might influence the rhythm of ocular elongation. Intraocular pressure rhythms (IOP) might also affect rhythms in scleral PG synthesis, perhaps with the magnitude of the effect being dependent on phase of the cell cycle. We speculate without evidence (hence the question marks and italics) that the rhythm in scleral PG synthesis might produce rhythmic changes in choroidal stiffness or scleral compliance. If they exist, these rhythms in scleral compliance and choroidal stiffness could modulate (hence the multiplication symbol) the direct mechanical effect that the IOP rhythm has on ocular length. and Besharse, 1993) . Form deprivation might therefore constitute a condition in which the Zeitgeber is not strong enough to synchronize the IOP rhythm.
In normal eyes, the amplitude of the IOP rhythm is reduced in constant darkness because the morning rise in IOP is attenuated. This finding implies that light or visual transients increase the IOP, as well as cueing the clock. Form-deprived eyes however, do not show substantial day-night variations in mean IOP either under normal diurnal lighting or in constant darkness. Perhaps both light and visual transients play a dual role, both as Zeitgebers and to increase the mean rhythm amplitude, similar to the dual roles of light in the retinal rhythm in melatonin synthesis (Besharse and Dunis, 1983) and in retinomotor movements.
The IOP of form-deprived eyes tends to be more rhythmic when measured in constant dark than in normal light\dark cycles. This is suggested by the facts that time of day has a significant effect in the ANOVA of the form-deprived eyes in constant dark (unlike in normal light\dark), and that if the two days of measurements are assessed separately, only the second day shows a significant rhythm. One can interpret these trends as suggesting that the desynchronization in form-deprived eyes is maintained by the daily experience of diffused vision, so that synchronization increases without it, even in darkness.
Intraocular Pressure and Ocular Growth
It has recently been shown that the growth of the chicken eye shows a diurnal rhythm, elongating more during the day than during the night (Weiss and Schaeffel, 1993 ; Nickla and Wallman, 1995a ; Nickla, Wildsoet and Wallman, 1998) . We here show that the chick eye also shows a diurnal rhythm in IOP, being higher during the day than at night. Furthermore, the substantial compliance of the eye suggests that the diurnal changes in IOP would rhythmically inflate and deflate the eye.
Are the observed rhythms in length due solely to the IOP rhythm superimposed on a linear growth ? Two lines of evidence argue that they are not, but instead, that the IOP-driven elongation rhythm adds to an endogenous elongation rhythm. First, if the fluctuations in axial length were solely determined by fluctuations in IOP, then the two rhythms would of necessity be in phase with one another. We find that the mean IOP rhythm leads the mean axial length rhythm and that in individual eyes, the phase of the rhythms in IOP and elongation were quite variable (data not shown). Second, we have found that isolated scleral tissue from chick eyes shows an endogenous rhythm in proteoglycan synthesis (Nickla and Wallman, 1995b ; Nickla, 1996) . Because the rate of growth of the chicken eye is correlated with the rate of synthesis of matrix proteoglycans in the sclera (Rada, Thoft and Hassell, 1991 ; Nickla et al., 1992 ; Rada et al., 1992) , this rhythm presumably contributes to the rhythm in elongation.
If there is a rhythm in ocular elongation in addition to the one imposed by the IOP, might the IOP rhythm indirectly influence this rhythm ? We propose that the daily rhythm in IOP exerts a mechanical force on the sclera that affects the rate of scleral proteoglycan synthesis. In turn, the rhythm in proteoglycan synthesis might influence the rhythm in ocular elongation and perhaps the compliance of the eye. This hypothesis is supported by evidence that the growth of cartilage (which constitutes a large part of the chick sclera) is influenced by mechanical forces ; this has been demonstrated both in vivo and in vitro (review : van Kampen and van de Stadt, 1987) . For example, both tensile and compressive forces applied to cartilage in culture result in increases in the synthesis of DNA and proteoglycans, with the direction of the change being determined by several factors, including whether the force is static or cyclic. In general, cyclic forces increase matrix production while non-cyclic forces reduce it or produce no change (van Kampen et al., 1985 ; van Kampen and van de Stadt, 1987 ; Burger and Veldhuizen, 1993) . Of particular relevance, it has been shown that hydrostatic pressure in the range of physiologically normal IOP (approximately 15 mm Hg) applied as 5 minute pulses to chondrocytes once a day caused an approximate 50 % increase in proteoglycan synthesis (Takano-Yamamoto et al., 1991) .
How might this IOP-influenced rhythm in scleral extracellular matrix synthesis work in the regulation of ocular growth ? It is known that the synthesis of matrix proteoglycans and DNA by chondrocytes shows a circadian rhythm and that cell division is also rhythmic (review : Simmons, 1992 ). These three cell cycle events have a specific phase relationship ; DNA synthesis occurs earliest, followed by proteoglycan synthesis and finally, cell divisions (Simmons, 1968) . Therefore, it is plausible that IOP influences the synthesis of matrix molecules more at some times of day that at others, so that the phase of the IOP rhythm with respect to cellular growth events would be critical in determining the magnitude of its effect. For instance, it could be imagined that a peak in IOP occurring in synchrony with the endogenous rise in PG synthesis might have a lesser growth-promoting effect than if it occurred at other times. This possibility is consistent with the finding that in normal eyes, the mean peak in IOP is closely associated with the mean peak in elongation, whereas in faster growing form-deprived eyes, the phase differences between the two are more variable.
Not only might the IOP rhythm influence the intrinsic synthesis rhythms of proteoglycans, but also the rhythm in proteoglycan synthesis might modulate the effectiveness of the IOP in inflating the eye by altering the compliance of ocular tissues. In other tissues, increased proteoglycan synthesis is associated with increased mechanical stiffness (Tammi et al., 1987) . Therefore, rhythms in scleral proteoglycan synthesis might cause rhythmic changes in ocular compliance. Furthermore, because the choroid shows rhythmic changes in thickness (Nickla, Wildsoet and Wallman, 1998) , and thick choroids synthesize more proteoglycans than thin ones , the stiffness of the choroid and hence the pressure drop across it might also be influenced by rhythms in proteoglycan synthesis. In summary, the combined effect of rhythms in choroidal thickness (and perhaps stiffness) and IOP might influence both the mechanical (inflating) effect of the IOP on the diurnal rhythm in ocular elongation and modulate the effect of IOP on the synthesis of extracellular matrix in the sclera, thereby affecting the ocular elongation rhythm biochemically (Fig. 6) .
We conclude that there are multiple ocular diurnal rhythms, the interacting influences of which are important in regulating ocular elongation. We propose that the rate of growth of the chick eye is influenced by diurnal changes in intraocular pressure such that normal growth depends on the rhythm in IOP being synchronized to the light\dark cycle (and presumably to another ocular rhythms such as proteoglycan synthesis). It is becoming increasingly apparent that the regulation of ocular growth is determined by the synchronization of various ocular rhythms and that alterations in these rhythms may lead to excessive elongation, as occurs in form-deprivation myopia.
